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ABSTRACT 


Pebble plains are a unique edaphic environment known only from the high valleys of the San Bernardino 
Mountains, California. The pebble plains have long been celebrated for the high vascular plant diversity they 
support, including at least six taxa endemic to the San Bernardino Mountains. Past research has shown that 
pebble plains soils differ most notably from nearby non-pebble plains soils in terms of their high clay content 
and loose, stony structure, especially in their upper-most horizon and on the soil surface. The stony upper 
horizon is probably the result of frost-heaving and erosion of soil particles by wind; the resulting 
accumulation of stone fragments at the soil surface is what inspired the name “pebble plains.” The combined 
effects of a friable, rocky surface, heavy lower horizons, frost heaving, high solar insolation, and desiccating 
winds are thought to limit recruitment of shrubs and trees and foster the persistence of a unique pebble plains 
flora consisting of herbaceous annuals and low-growing perennials. Despite decades of research involving the 
pebble plains and their unique flora, the soil chemical properties of pebble plains versus surrounding (non- 
pebble plains) soils has not been thoroughly investigated. This study investigates the chemistry of pebble 
plains soils to determine if they are chemically divergent from adjacent non-pebble plains soils. To answer this 
question, we collected soils from nine pebble plains areas, sampling from both the pebble plains themselves 
and from surrounding, non-pebble plain forests or shrublands. These samples were subjected to analyses for 
13 soil chemical properties. Multivariate analyses of these data indicate that habitat type (pebble plains versus 
non-pebble plains) is the single most important factor explaining the variation in soil chemical properties. 
Although only Zn concentration is significantly divergent between the habitat types, pebble plains soils are 
generally deficient in major- and micronutrients compared to adjacent non-pebble plains soils. Our results 
suggest that while physical factors such as frost heave may be the primary agents responsible for the original 
formation and persistence of the pebble plains flora, the soils of the pebble plains are chemically unique, which 


may reinforce physical constraints on floristic composition in these areas. 
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Plant-soil interactions play a key role in plant 
evolution and ecology, influencing local adaptation, 
speciation, and the formation of-plant communities 
(Kruckeberg 1986, 2002; Rajakaruna 2004). Al- 
though it is easiest to think of soils as influencing 
plant ecology and evolution via completely abiotic 
effects, especially in the case of extremely chemically 
stringent soils like serpentine (Kruckeberg 1986), it is 
also well known that plant-soil interactions are a 
primary driver of soil formation and so the influence 
of soils on plants is often mediated by the plants 
themselves (reviewed in Ehrenfeld et al. 2005). 

Recent research, especially on model soils like 
serpentine (Harrison and Rajakaruna 2011), has 
helped scientists to gain a nuanced perspective on 
how soils affect plant evolution, community assem- 
bly, and regional diversity (Anacker et al. 2011; 
Damschen et al. 2012; Anacker and Harrison 2012; 
Cacho and Strauss 2014; Burge and Salk 2014; 
Baldwin 2014; Anacker 2014). Nevertheless, only a 
handful of unusual soil systems other than serpentine 
have been examined in detail with respect to their 
physical and chemical properties and the influence of 
these properties on plant life (Moore et al. 2014; 


Saslis-Lagoudakis et al. 2014), preventing inference 
of general patterns concerning the role of soils in 
plant evolution and ecology. Here, we focus on the 
pebble plains of the San Bernardino Mountains, 
California. A pebble plain is a distinctively open, 
alpine-like, dwarf shrub- and herb-dominated habitat 
restricted to moderate elevations (1800-2300 m) 
primarily on the northeast side of the San Bernardino 
Mountains (Derby and Wilson 1978, 1979; Krantz 
1994). Pebble plains are extremely limited in area, 
with less than 221 ha extant (U.S. Department of the 
Interior 2006). Pebble plains are found on flats, 
gentle slopes, and mesas in Bear Valley and Holcomb 
Valley, with only a handful of outlying occurrences 
(Fig. 1; Derby and Wilson 1979; Ciano 1984; Neel 
and Barrows 1990; Krantz 1994; U.S. Department of 
the Interior 2006). 

Pebble plains have long been of interest to 
botanists due to the diverse and seemingly specialized 
flora that they support; at least 53 native vascular 
plant minimum rank taxa (MRT; species, subspecies, 
and varieties) are found in the pebble plains habitat, 
27 of which (51%) have a high level of affinity for 
this habitat type in the San Bernardino Mountains 
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FIG. 1. Sampling map and site photos. Field sites (Table 1) indicated by circles on map of the San Bernardino Mountains. 
Map data for San Bernardino Mountains: Google. 
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(Appendix 1). These taxa are strong indicators of 
pebble plains habitats (Derby and Wilson 1978, 
1979) but are occasionally found on carbonates or in 
vernal wetlands where heavy clay soils exist (Krantz 
1994; Stoughton unpublished). This suite of special- 
ists includes six MRT that are endemic to the San 
Bernardino Mountains and are predominantly found 
in pebble plains: Boechera parishii (S. Watson) Al- 
Shehbaz, Castilleja cinerea A. Gray, Dudleya abram- 
sii Rose subsp. affinis K.M. Nakai, Eremogone ursina 
(B.L. Rob.) Ikonn., [vesia argyrocoma (Rydb.) Rydb. 
var. argyrocoma, and Linanthus killipii H. Mason 
(Derby and Wilson 1978, 1979; Krantz 1983, 1994; 
Ciano 1984; U.S. Department of the Interior 2007). 
The suite of 27 specialists with high level of affinity 
for pebble plains (Appendix 1) also contains plants 
that may represent taxa new to science, including 
Androsace elongata L. aff. subsp. acuta (Greene) 
G.T. Robbins, Echinocereus sp. aff. engelmannii 
(Engelm.) Lem., Gilia sp. aff. diegensis (Munz) 
A.D. Grant & V.E. Grant, and Primula sp. aff. 
hendersonii (A. Gray) Mast & Reveal (T. Stoughton, 
unpublished data). Two of the pebble-plains associ- 
ated MRT, Eremogone ursina and Echinocereus sp. 
aff. engelmannii, are apparently strict pebble plains 
endemics that occur nowhere else (Appendix 1). 
Pebble plains soils overlay a variety of rock types, 
and are influenced to some degree by these host 
rocks. However, the unique soils of the pebble plains 
are probably not derived from geological parent 
materials found in the San Bernardino Mountains; 
instead, the soils of the pebble plains probably have a 
more ancient origin, in the Tertiary plains that 
predate uplift of the San Bernardino Mountains 
around 3 Ma (Krantz 1994; Sadler and Reeder 1983). 
Evidence of this origin is found in the pebbles that 
give the pebble plains their name, which are nearly 
invariably composed of quartzite, a geological parent 
material that is rare in the San Bernardino Moun- 
tains. Instead of originating in a montane environ- 
ment, the pebble plains soils likely began as desert 
pavements, and were carried to their current eleva- 
tions by uplift of the San Bernardino Mountains 
(Sadler and Reeder 1983). Today, these soils are 
widespread in the San Bernardino Mountains, 
underlying forests and shrublands as well as the 
floristically distinctive pebble plains (Krantz 1994). 
Despite a common origin, only some of these soils 
have given rise to pebble plains, and it is not yet clear 
what drove differentiation initially, or what main- 
tains it, but it has been proposed by Krantz (1994) 
that their persistence in low slope-angle situations 
suggests a relationship with reduced erosion of the 
fine clays that (in part) make up pebble plains soils. 
Pebble plains soils differ strongly from nearby 
non-pebble plains soils in having a higher clay 
content as well as a distinctive structure, with a 
loose, friable, pebble-rich (primarily quartzite) layer 
near the surface (Derby and Wilson 1978, 1979; 
Derby 1979 [tabulating unpublished data of M. 
Lund]; Krantz 1994; U.S. Department of the Interior 
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2006). The distinctive structure of pebble plains soils 
is probably influenced by frost-heaving during freeze- 
thaw cycles of the winter and early spring, which 
cyclically disrupt the soil surface, allowing wind to 
carry away fine soil particles, leading to the 
accumulation of stone fragments (predominantly 
quartzite pebbles) at the surface (Derby and Wilson 
1978; Derby 1979; Derby and Wilson 1979; Krantz 
1994; U.S. Department of the Interior 2006). Overall, 
the combined effects of cyclical frost heaving, heavy 
clay soil in the lower horizons, high solar insolation, 
and desiccating winds are thought to limit recruit- 
ment of woody perennial plants, especially trees, and 
foster the persistence of a unique flora consisting of 
annuals and low-growing perennials. Pebble plains 
are recognized by their barren aspect, forming 
variably sized glades within an otherwise forested 
region (Derby and Wilson 1978, 1979; Ciano 1984; 
Krantz 1994). Small pebble plains areas may include 
occasional shrubs or small trees, but more charac- 
teristic pebble plains are free of woody perennials 
with the exception of low-growing sub-shrubs with 
thick, woody caudices (Krantz 1994). 

The plant community of the pebble plains is 
reminiscent of the isolated alpine flora of San 
Gorgonio Mountain, which reaches 3506 m, the 
highest point in the San Bernardino Mountains as 
well as the Transverse Ranges as a whole (Derby and 
Wilson 1979; Krantz 1994). However, the flora of the 
pebble plains occurs up to 1300 m lower than the 
alpine flora of San Gorgonio Mountain, in the midst 
of dense montane and sub-alpine forests, including 
pinyon-juniper woodlands. Derby and Wilson (1979) 
and Krantz (1994) suggested that the flora of the 
pebble plains originated during the most recent 
glacial period, when year-round snow and even small 
glaciers occurred in the highest elevations of the San 
Bernardino Mountains (Sharp et al. 1959, reviewed 
by Krantz [1994]). At this time the alpine flora of San 
Gorgonio Mountain may have extended down into 
Bear and Holcomb Valleys, where pebble plains now 
occur (Krantz 1994). This idea is based on the work 
of Axelrod (1966) on the Pleistocene (1 Ma) Soboba 
flora of the San Jacinto area, which showed a more 
than 1000 m depression of life zones during an 
apparent glacial period. Krantz (1994, p. 97) 
provided an eloquent summary of the idea: “During 
interglacials, the conifer forests climbed to their 
present, levels, except on the clay soils which 
prevented their establishment and it is on these clay 
pebble plains that the Pleistocene alpine flora of Big 
Bear Valley persists to this day, now 1300 m below 
the alpine summit of Mt. San Gorgonio.” Although 
the alpine flora of San Gorgonio Mountain shares 
many similarities with the pebble plains (Derby and 
Wilson 1979; Krantz 1994; Stoughton unpublished), 
the authors of the present work are not aware of | 
research that has directly addressed the hypothesis of 
an alpine origin for the pebble plains flora. 

Although the pebble plains flora is unique, not 
least because of its distinctive physiognomy and 
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unusual distribution at a much lower elevation than 
similar plant communities, the pebble plains may 
simply be a well-studied example of a more general 
phenomenon that occurs in high mountain and high 
latitude regions, where annual cycles of frost 
disruption and snow accumulation lead to the 
formation of distinctive plant communities, some of 
them at lower elevations than would be expected 
(Billings and Mooney 1968). Comparative research 
pursuing this idea would be a worthwhile effort, but 
is beyond the scope of the present work. 

Despite their apparent long-term persistence in the 
San Bernardino Mountains, there is evidence for 
gradual degradation of small pebble plains areas, as 
well as the edges of larger pebble plains, by natural 
encroachment of forest or woodland vegetation 
(Derby and Wilson 1979). It is thought that the 
shade and litter-fall associated with established trees 
at the edges of pebble plains leads to the recruitment 
of new tree seedlings and the expansion of the forest 
habitat into former pebble plains habitat (Derby 
1979, from unpublished work of M. Lund). Howev- 
er, the dynamics of this succession-like phenomenon 
have not been studied in detail as far as the authors 
know. 

The strongly endemic flora of the pebble plains, 
combined with their very small area, makes them of 
conservation concern (Neel and Barrows 1990; U.S. 
Department of the Interior 2006). Though the pebble 
plains probably never occupied a large area, creation 
of Big Bear Lake, urbanization of Big Bear Valley, 
and off-road vehicle activity in San Bernardino 
National Forest lands have probably reduced the 
extent of the pebble plains by more than 20% since 
the arrival of Europeans in the upper elevations of 
the San Bernardino Mountains in 1845 (Neal and 
Barrow 1990; Krantz 1994). In addition to threats 
from urbanization and off-highway vehicle use, the 
pebble plains now also face the specter of increasing 
temperatures due to human-caused global climate 
change as well as increased competition with non- 
native species, highlighting the urgent need for 
research to understand the ecology of this unique 
habitat type and its associated biota before climate 
change alters it forever. 

Even with decades of scientific interest (Ciano 
1984; Derby and Wilson 1978, 1979; Krantz 1994) 
and conservation work (Neel and Barrows 1990; U.S. 
Department of the Interior 2006, 2007; Parker 2012) 
involving the pebble plains flora, little is known 
about how the pebble plains themselves formed and 
how their unique flora originated, with the exception 
of a few hypotheses brought forward by Krantz 
(1994), as described above. To our knowledge, no 
ecological studies have attempted to experimentally 
address the question of why certain species are 
associated with the pebble plains, or how the pebble 
plains endemic taxa evolved. For research and 
conservation purposes, it is important to learn how 
the pebble plains soils differ from adjacent non- 
pebble plains soils, and what properties allow them 
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to support a unique collective flora. In addition to 
providing a better understanding of how edaphic 
endemism evolved in the pebble plains and how the 
pebble plains persist as an edaphic phenomenon, 
such work would lead directly to positive conserva- 
tion outcomes by suggesting criteria for assessing the 
conservation value of pebble plains sites, and 
appropriate ex-situ conservation conditions for rare 
plants. 

The present work originated during a series of 
discussions between the two lead authors on the 
problem of what edaphic endemism is and how it 
evolves. Because of their insular or outcrop-like 
geographic distribution (Ciano 1984; Krantz 1994), 
the pebble plains present an interesting parallel to 
better studied systems in which edaphic endemic 
plants are restricted to soils with a particular 
geological origin (e.g., serpentine soils derived from 
the erosion of serpentinite). We agreed to take a 
closer look at the pebble plains to examine more 
closely what makes them unique. The aim of our 
work was to find out whether pebble plains soils are 
consistently chemically divergent from adjacent non- 
pebble plains soils, similar to the way that serpentine 
soils differ from adjacent non-serpentines in terms of 
their fertility, Ca to Mg ratio, and heavy metals 
content (Kruckeberg 1986). To test this, we collected 
soils from nine pebble plains sites in the San 
Bernardino Mountains, sampling from the pebble 
plains themselves and from surrounding, non-pebble 
plain forests or shrublands. These samples were 
subjected to chemical analysis, with data obtained for 
13 soil chemical properties including pH, conductiv- 
ity, nitrate, and a suite of ten major- and micronu- 
trients. Multivariate analyses of these data were 
carried out to summarize relationships among soils, 
determine soil properties associated with pebble 
plains versus non-pebble plains, and determine 
whether pebble plains soils are consistently chemi- 
cally divergent from non-pebble plains soils. 


MATERIALS AND METHODS 


Assessing Parent Material 


Surface-born pebbles were obtained from each of 
the nine sites, sampling haphazardly from the areas 
where soil samples were obtained; 1/2 kg of pebbles 
were obtained from each site. Pebbles were examined 
by T. S. to determine their geological origin using 
standard physical property tests (hardness, color, 
streak, luster, cleavage, and chemical reaction). 


Soil Sampling Methods 


On 2 and 3 August 2015 nine pebble plains sites 
were visited with the aim of representing all major 
areas of pebble plain distribution (Fig. 1; Table 1). At 
each site, two soil samples were collected, one from 
pebble plain habitat and one from adjacent scrub- 
land or forest without the characteristic soil structure 
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TABLE 1. Soil sampling localities. Latitude and longitude 
reported in WGS 84 datum, accurate to 5 m or less; 
elevation from GPS at three-dimensional accuracy of 5 m or 
less. 


Site Latitude Longitude Elevation (m) 
| 34.2876 —116.9196 2270 
2 34.3068 —116.9279 2200 
3a 34.3396 —117.0648 1784 
3b 34.337 —117.0654 1767 
4 34.2437 —116.8507 2178 
5 34.305 —116.8501 2275 
6 34.2994 —116.821 2088 
7 34.2915 —116.8034 2097 
8 34.2183 —116.7148 2399 


and plant community of the pebble plains. At each 
site, the pebble plains and non-pebble plains samples 
were prepared by bulking five sub-samples. Sites for 
soil sub-sample collection were selected with the aim 
of representing the slope and aspect diversity of the 
site as well as varying distances from the interface 
between pebble plains and non-pebble plains habi- 
tats. Sub-samples were located not more than 100 m 
from one another. Sub-samples were collected using 
a garden trowel with a steel blade, excavating to a 
depth of 15 cm. After consolidation, the sub-samples 
were mixed thoroughly in a 19 L plastic pail, and a 
0.5 L composite sample removed for chemical 
analysis. 


Soil Chemistry Analyses 


Soil chemistry analyses were carried out by the 
Texas A & M University Soil, Water, and Forage 
Testing Laboratory, and are identical to those used 
by Burge and Manos (2011). Samples were passed 
through a 2 mm sieve prior to analysis to remove 
stony fragments. Major nutrients (P, K, Ca, Mg, S) 
and sodium were extracted using the Mehlich II 
extractant (Mehlich 1978, 1984) and determined by 
inductively coupled plasma mass-spectroscopy (ICP). 
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Micronutrients (Cu, Fe, Mn, and Zn) were extracted 
using a modified DTPA solution (Lindsay and 
Norvell 1978), and determined by ICP. Soil pH was 
determined in a 1:2 soil:deionized water extract 
(Schofield and Taylor 1955). Electrical conductivity 
(a proxy for soluble salts) was determined in a 1:2 
soil : deionized water extract using a soil conductiv- 
ity probe (Rhoades 1982). Finally, nitrate (NO; ) 
was extracted in 1 M KCL solution, reduced to 
nitrite (NO. ) using a cadmium column, and 
determined by spectrophotometer (Keeney and 
Nelson 1982). In total, 13 soil chemical properties 
were assayed (Table 2). 


Statistical Analysis of Soil Chemistry Data 


We treated the soil chemistry data in a multivar- 
late statistical framework, visualizing the data and 
testing for differences between pebble plains and 
non-pebble plains soils using principal components 
analysis (PCA), analysis of similarity (ANOSIM), 
and t-tests. Analyses were done in R, version 3.1.2 (R 
Development Core Team 2015). Analyses were 
conducted using scaled data. 

PCA was run using default parameters in R. The 
first two principal components were visualized in 
bivariate space to examine relationships among sites. 
The contribution of the soil chemical features to the 
principal components was determined based on the 
vector loadings. T-tests were then implemented in R 
to determine whether the individual soil chemical 
properties differed between pebble plains and non- 
pebble plains soils. More complex tests (e.g., via 
ANOVA) were deemed inappropriate due to the 
observational nature of the data. A Bonferroni 
correction for multiple comparisons (P < 0.00038) 
was applied to the results to determine significance. 

Analysis of similarity (Clarke 1993) was used to 
test for overall chemical divergence between pebble 
plains and non-pebble plains soils. The analysis was 
carried out using the R package vegan, v. 3.2-4 
(Oksanen et al. 2016). We used 1000 permutations 


TABLE 2. Soil chemistry summary statistics. All statistics reported as average + standard deviation. Conductivity (Con.) 
reported as umol/cm; nitrate (NO3) and elemental levels reported as parts per million. The t test results are from two-tailed 
tests that assume unequal variance; Loading PC1 and Loading PC2 are the loadings on the first two principal components 


from the PCA analysis. “—” indicates that a variable did not contribute to a particular PC axis. 

Variable Pebble plains Non-pebble plains T test Loading PC1 Loading PC2 
pH 6.21 + 0.64 6.43 + 0.58 0.4436 —(0.307 —0.242 
Con. 126 + 30 150 + 37 0.1266 —0.441 — 
NO; 0.62 £99.52 2.11 + 2166 0.1685 —0.136 0.147 
P 35.34 + 16.16 50.43 = 22.13 0.07 —0.283 — 
K 142.68 + 51.65 183.78 + 59.34 0.1249 —0.428 — 
Ca 1908.85 + 1357.94 2809.2) 79662 0.1442 —0.413 — 
Mg 284.33 + 106.63 26059 £93.72 0.8038 —0.308 —0.315 
S 5.34 + 1.68 6.79 + 2.59 0.2229 —0.187 0322 
Na 4.70 + 2.39 3:13 = 1:90 0.2568 —0.125 —0.334 
Fe 10.90 + 4.25 18.08 + 8.81 0.0615 —0.113 0.427 
Zn 0.66 + 0.26 1.42 + 0.44 0.0004 —0.245 0.399 
Mn 6.49 + 3.98 11.21 + 8.14 0.0963 — 0.449 
Cu 0.43 + 0.18 057 =O 0.4067 —0.181 —0.244 
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Fic. 2. Plot from principal components analysis (PCA) on 
soil chemistry. Biplot for first two principal components of 
PCA for 18 soil samples. Arrows represent direction and 
magnitude of loading on principal component axes. 
Symbols: Con = electrical conductivity; NO3 = nitrate. 


for the ANOSIM test, with all other parameters at 
their default settings. 


Assessing Plant Community Composition and 
Relation to Soil 


We used multivariate analysis to test for a 
relationship between soil chemistry and plant com- 
munity composition of pebble plains sites. All 
analyses were done in R, version 3.1.2 (R Develop- 
ment Core Team 2015) using the vegan package, v. 
2.3-4 (Oksanen et al. 2016). To obtain data for these 
analyses, plant community surveys were carried out 
for the nine pebble plains sites (Appendix 1). Surveys 
were carried out by T. S. and D. J., noting all 
identifiable dead and living taxa present at each site 
over the same area in which soil samples were 
obtained; surveys lasted approximately 40 minutes 
per site. 

Lists of taxa for each site (Appendix 1) were 
translated into a presence/absence matrix, which was 
used to generate a dissimilarity matrix (Jaccard 
distances). Only plant taxa found at more than one 
site were used to generate the dissimilarity matrix. A 
corresponding dissimilarity matrix was generated for 
the 13 soil chemical properties (Euclidean distances 
from scaled data). Community and soil dissimilarity 
matrices were visualized using hierarchical agglom- 
erative clustering (Faith et al. 1987). The relationship 
between soil chemistry and plant community com- 
position was then tested using a Mantel test 
(Legendre and Legendre 1998), comparing the soil 
matrix to the plant community matrix. For this test 
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we used the Spearman correlation method, and 999 
permutations to assess the significance of the test. 


RESULTS 


Soil Chemistry and Geological Parent Material 


Principal components analysis (Fig. 2) provides 
the opportunity to visually examine the difference 
between pebble plains and non-pebble plains soils, as 
well as the differences between the nine sites. In our 
PCA, 80% of variance was accounted for by the first 
three principal components, with 36% of variance in 
the first principal component (PC), 26% in the 
second, and 17% in the third. The first PC is most 
strongly (negatively) correlated with conductivity 
(vector loading = —0.441; Table 2); other elements 
with strong vector loadings include K (vector loading 
= —0.428) and Ca (vector loading = —0.413). The 
second PC is most strongly correlated with Mn 
(vector loading = 0.449), though many soil chemical 
features have similarly high loading scores (Table 2), 
including Fe (vector loading = 0.427) and Zn (vector 
loading = 0.399). The biplot of the first two principal 
components (Fig. 2) indicates that pebble plains and 
non-pebble plains soils are chemically divergent, the 
divergence being generally associated with lower Zn, 
Fe, S, Mn, and NO; in pebble plains soils (Table 2). 
After correction for multiple comparisons, t-tests on 
all 13 variables indicate that only Zn differs 
significantly between pebble plains and non-pebble 
plains soils, with lower amounts in pebble plains 
soils. Analysis of similarity revealed a significant 
difference in dissimilarity ranks between pebble 
plains and non-pebble plains soils (ANOSIM R 
statistic: 0.1636; P = 0.037; Fig. 4). 

Examination of rock samples revealed that pebbles 
from all nine sites were quartzitic in origin, with few 
if any differences among sites in terms of qualitative 
rock composition. Mainly, rock samples collected at 
each site had a fairly glassy texture and were hard, 
dense, and non-foliated, being comprised of inter- 
locking grains of quartz. 


Plant Community Composition and Correlation with 
Chemical Data 


The composition of the pebble plains plant 
community varied strongly among sites (Appendix 
1). A total of 32 taxa were identified at the nine target 
sites. Diversity varied between five and 20 taxa, with 
the highest number at site 8 (20 taxa) and the lowest 
at site 3b (5 taxa; Appendix 1). Hlierarchieal 
clustering demonstrates the plant community rela- 
tionships among sites (Fig. 4A). In most cases, 
geographically proximal sites tend to have the most 
similar community (Fig. 4A). A Mantel test based on 
dissimilarity matrices for soil chemistry and plant 
community shows that there is not a significant 
relationship between soil chemistry and plant com- 
munity composition (r =—0.02485; P = 0.512; Fig. 4). 
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Results presented as a histogram, with dissimilarity ranks 
between and within pebble plains and non-pebble plains 
soils. 


DISCUSSION 


Pebble Plains Soil Chemistry 


Our work suggests that pebble plains sites vary 
strongly in terms of soil chemistry. However, they are 
also consistently different from adjacent non-pebble 
plains soils, with lower levels of major nutrients and 
micronutrients, particularly Zn. Although our results 
must be followed up by expanded studies on soil 
chemistry, as well as studies on physical phenomena 
that may be linked to pebble plains soil formation 
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(frost heave, waterlogging, leaching), the results that 
we obtained corroborate our hypothesis that pebble 
plains soils are consistently chemically divergent 
from adjacent non-pebble plains soils, similar to the 
way that serpentine soils are consistently chemically 
distinct from non-serpentines (Kruckeberg 1986). 
This result seems to challenge the past assumption 
that physical conditions are the main factors that 
differentiate pebble plains soils from non-pebble 
plains soils (U.S. Department of the Interior 2006). 
Nevertheless, our results may be consistent with the 
physical explanation, in that chemical differentiation 
of pebble plains soils from non-pebble plains soils 
would be a natural expectation in a physically driven 
system; exclusion of trees by root-disrupting frost 
heave, for example, would reduce the amount of 
nutrients brought to upper soil horizons by decom- 
position of roots and leaf litter. In addition, exposed 
conditions in the pebble plains should accelerate 
leaching and wind-driven loss of soil particles, 
leading to depletion of vital plant nutrients. 

The physical explanation for the persistence of the 
unique pebble plains plant community is also partly 
supported by past speculation on the existence of a 
succession-like phenomenon in pebble plains (Derby 
1979; Derby and Wilson 1979), wherein small, isolated 
pebble plains and the margins of larger pebble plains 
are converted into forest or woodland by the gradual 
“creep” of trees and large shrubs into the pebble plain 
area. As alluded to in the introduction, this process 
could be driven by the shade and leaf litter cover 
provided by “nurse” trees at the edges of pebble plains 
(Derby 1979, citing unpublished data of M. Lund), 
which are thought to ameliorate the frost heave and 
extreme insolation experienced in exposed pebble 
plains, allowing germination and persistence of trees 
and shrubs (Derby 1979; Derby and Wilson 1979). 
Though there has been no detailed ecological study of 
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FIG. 4. Results of hierarchical agglomerative clustering based on dissimilarity matrices. A, clustering dendrogram for plant 


community data. B, clustering dendrogram for soil data. 


16 MADRONO 


this succession-like phenomenon other than prelimi- 
nary studies by Derby (1979, citing unpublished data 
of M. Lund) on litter accumulation, the idea is 
consistent with physical rather than chemical factors 
at work in maintaining the pebble plains, as chemical 
factors would be expected to repel invasion by trees 
and shrubs despite the availability of shaded and 
stabilized sites for seedling germination. However, 
nutrient redistribution by litter accumulation might 
provide a chemical explanation. As indicated above, 
our results should be followed up by experimental 
work to test whether and how succession occurs in 
pebble plains. 

Overall, our results suggest that while physical 
processes such as frost heave may be the primary 
agent responsible for the formation of pebble plains, 
the resulting soils of the pebble plains are chemically 
unique, with nutrient status that may be influenced 
by the feedback of biotic with abiotic processes. 


Edaphic Endemism on the Pebble Plains 


The pebble plains of the San Bernardino Moun- 
tains support a large amount of floristic diversity. This 
diversity is in the form of a unique suite of dwarfed 
annual and perennial herbs and subshrubs (~50 
MRT; Appendix 1), many of which are strongly 
associated with pebble plains soils, or completely 
endemic to them (Derby and Wilson 1978, 1979), and 
several others which are widespread alpine plants that 
otherwise grow in the San Bernardino Mountains only 
around the summit of San Gorgonio Mountain 
(Krantz 1994). The flora of the pebble plains is 
reminiscent of floras from other unusual soils—for 
example serpentines (Kruckeberg 1986), limestone- 
derived soils (Kruckeberg and Rabinowitz 1985), and 
gabbro-derived soils (Alexander 2011)—in that they 
support a locally unusual and strongly endemic flora, 
and in some cases ameliorate the distributional 
extension of higher elevation plants into lower 
elevation habitats (Burge and Salk 2014). However, 
the pebble plains differ in that they do not appear to 
be derived from a single geological parent material, 
and may owe their unusual properties to physical 
processes instead of the chemical and biological 
weathering of a chemically unusual parent rock that 
leads to the formation of most other soils known to 
support highly edaphic-endemic floras. While our 
results suggest that pebble plains soils are chemically 
divergent from non-pebble plains soils, it is likely that 
this difference is linked to the unusual physical 
conditions that prevail in the pebble plains, especially 
frost-heave during freeze-thaw cycles. However, as 
noted above, the chemical differences that we found 
could be caused indirectly by frost heave, which would 
tend to exclude litter-depositing shrubs and trees that 
would otherwise improve soil fertility by translocating 
elements from lower horizons to upper ones. In 
addition, soils that are exposed and disrupted by frost 
heave would tend to lose nutrients more readily due to 
leaching and wind erosion. 
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Pebble plains represent a singular example of an 
edaphic system, similar to serpentine soil in terms of 
effect on plant community composition, structure, 
and endemism. However, much additional research 
will be needed to determine exactly how pebble plains 
soils differ from non-pebble plains soils, and how 
physical, chemical, and biological processes work 
together to support this unique environment. In 
particular, it would be desirable to see research that 
addresses the physical phenomena through observa- 
tional studies, by looking closely at water content 
and temperature of pebble plains versus nearby non- 
pebble plains soils over the course of a year, to 
determine how freeze cycles, waterlogging, and frost 
heave might play a role in maintaining the unique 
structure of pebble plains soils. Experimental studies 
would also be helpful; for example, transplant or 
common garden experiments could help determine 
why woody perennials are not able to establish and 
thrive on pebble plains, and why certain species are 
associated with or endemic to pebble plains. The 
natural complement of such studies would involve 
experimental removal of tree, shrub, and leaf litter 
from non-pebble plains to determine whether pebble 
plains can be “created” by disrupting the climax 
vegetation type. Additional research is also needed to 
establish variation in physical properties across a 
larger number of pebble plains sites. Although such 
work is beyond the scope of the present study, it is 
nonetheless critical. As with the chemical study that 
we carried out, by linking physical information to 
species lists for each site, it might be possible to 
determine if there are physical soil properties that 
support larger amounts of diversity or particular 
endemics. It would also be possible to correlate the 
physical information with the chemical information, 
and thus learn more about how these two factors are 
interacting in the formation and maintenance of 
pebble plains. Such research would have clear 
conservation implications as it would allow for 1) 
more nuanced design of reserve boundaries to 
preserve rare plants and the habitats that support 
them, 2) assessment of habitat quality in the absence 
of growing plants (many of the pebble plain endemics 
are ephemeral annuals that might not grow every 
year), and 3) habitat quality assessments to deter- 
mine how well “rescue” plants might fare after 
translocation from one location to another. 


ACKNOWLEDGMENTS 


The authors thanks Katherine Zhukovsky for providing 
constructive criticism and copy-editing on early drafts of 
this work. Assistance with field work and field logistics was 
provided by Mary Crawford, Scott Eliason, and Adrienne 
Simmons of the San Bernardino National Forest. 


LITERATURE CITED 


ALEXANDER, E. B. 2011. Gabbro soils and plant distribu- 
tions on them. Madroño 58:113—122. 

ANACKER, B. L. 2014. The nature of serpentine endemism. 
American Journal of Botany 101:219-224. 


2017] 


ANACKER, B. L. AND S. HARRISON. 2012. Historical and 
ecological controls on phylogenetic diversity in Cali- 
fornian plant communities. American Naturalist 
180:257-269. 

ANACKER, B. L., J. WHITTALL, E. GOLDBERG, AND S. 
HARRISON. 2011. Origins and consequences of serpen- 
tine endemism in the California flora. Evolution 
65:365-376. 

AXELROD, D. I. 1966. The Pleistocene soboba flora of 
southern California. University of California Publica- 
tions in Geological Sciences, Volume 60. University of 
California Press, Berkeley, CA. 

BALDWIN, B. G., D. H. GOLDMAN, D. J. KEIL, R. 
PATTERSON, T. J. ROSATTI, AND D. H. WILKEN 
(EDS.). 2012. The Jepson manual: higher plants of 
California. Second edition. University of California 
Press, Berkeley, CA. 

BILLINGS, W. D. AND H. A. MOONEY. 1968. The ecology 
of arctic and alpine plants. Biological Reviews 43:481— 
529. 

BORTUGNO, E. J. AND T. E. SPITTLER. 1977. Geologic map 
of the San Bernardino Quadrangle, California, 
1:250,000. California Division of Mines and Geology, 
Sacramento, California. 

BURGE, D. O. 2014. The role of soil chemistry in the 
geographic distribution of Ceanothus otayensis (Rham- 
naceae). Madroño 61:276—289. 

BURGE, D. O. AND P. S. MANOS. 2011. Edaphic ecology 
and genetics of the gabbro-endemic shrub Ceanothus 
roderickii (Rhamnaceae). Madroño 58:1—21. 

BURGE, D. O. AND C. F. SALK. 2014. Climatic niche shifts 
in the serpentine soil flora of California. Journal of 
Vegetation Science 25:873—884. 

CACHO, N. I. AND S. Y. STRAUSS. 2014. Occupation of bare 
habitats, an evolutionary precursor to soil specializa- 
tion in plants. Proceedings of the National Academy of 
Sciences 111:15132—15137. 

CIANO, L. M. 1984. Pebble plain communities as islands; 
test of the island biogeography theory, ecological 
genetics of island species. Ph.D. Dissertation, Univer- 
sity of California, Riverside. 

CLARKE, K. R. 1993. Non-parametric multivariate analysis 
of changes in community structure. Australian Journal 
of Ecology 18:117—143. 

DAMSCHEN, E. I., S. HARRISON, D. D. ACKERLY, B. M. 
FERNANDEZ-GOING, AND B. L. ANACKER. 2012. 
Endemic plant communities on special soils: early 
victims or hardy survivors of climate change? Journal 
of Ecology 100:1122-1130. 

DERBY, J. A. 1979. Floristics and phytosociology of the 
pavement plains in the San Bernardino Mountains, 
California. M.S. Thesis, California State University, 
San Bernardino. 

DERBY, J. A. AND R. C. WILSON. 1978. Floristics of pebble 
plains of the San Bernardino Mountains. Aliso 9:374— 
378: 

DERBY, J. A. AND R. C. WILSON. 1979. Phytosociology of 
pebble plains in the San Bernardino Mountains. Aliso 
9:436-474. 

EHRENFELD, J. G., B. RAVIT, AND K. ELGERSMA. 2005. 
Feedback in the plant-soil system. Annual Review of 
Environment and Resources 30:75—115. 

FAITH, D. P, MINCHIN, P. R. AND BELBIN, L. 1987. 
Compositional dissimilarity as a robust measure of 
ecological distance. Vegetatio 69:57-68. 

HARRISON, S. AND N. RAJAKARUNA (EDS.). 2011. Serpen- 
tine. The evolution and ecology of a model system. 
University of California Press, Berkeley, CA. 


BURGE ET AL.: PEBBLE PLAIN SOIL CHEMISTRY AND PLANT DIVERSITY 17 


KEENEY, D. R. AND D. W. NELSON. 1982. Nitrogen- 
inorganic forms. Pp. 643-687 in A. L. Page, T. H. 
Miller, and D. R. Keeney (eds.), Methods of soil 
analysis, part 2 (second edition). American Society of 
Agronomy, Madison, WI. 

KRANTZ, T. P. 1983. The pebble plains of Baldwin Lake. 
Fremontia 10:9-13. 

KRANTZ, T. P. 1994. A phytogeography of the San 
Bernardino Mountains, San Bernardino County, Cal- 
ifornia. Ph.D. Dissertation, University of California, 
Berkeley, CA. 

KRUCKEBERG, A. R. 1986. An essay: the stimulus of 
unusual geologies for plant speciation. New Phytolo- 
gist 11:455—463. 

KRUCKEBERG, A. R. 2002. Geology and plant life. 
University of Washington Press, Seattle, WA. 

KRUCKEBERG, A. R. AND D. RABINOWITZ. 1985. Biolog- 
ical aspects of endemism in higher plants. Annual 
Review of Ecology and Systematics 16:447-479. 

LEGENDRE, P. AND L. LEGENDRE. 1998. Numerical 
Ecology, Volume 24. Elsevier, Amsterdam, Nether- 
lands. 

LINDSAY, W. L. AND W. A. NORVELL. 1978. Development 
of a DTPA soil test for zinc, iron, manganese, and 
copper. Soil Sciences Society of America Journal 
42:421—428. 

MEHLICH, A. 1978. New extractant for soil test evaluation 
of phosphorus, potassium, magnesium, calcium, sodi- 
um, manganese and zinc. Communications in Soil 
Science and Plant Analysis 9:477—492. 

MEHLICH, A. 1984. Mehlich-3 soil test extractant: a 
modification of Mehlich 2 extractant. Communications 
in Soil Science and Plant Analysis 15:1409-1416. 

MOORE, M. J., J. F. MOTA, N. A. DOUGLAS, H. FLORES 
OLVERA, AND H. OCHOTERENA. 2014. The ecology, 
assembly, and evolution of gypsophile floras. Pp. 97- 
128 in N. Rajakaruna, R. Boyd, and T. Harris (eds.), 
Plant Ecology and Evolution in Harsh Environments. 
Nova Science Publishers, Hauppauge, NY. 

NEEL, M.C. AND K. BARROWS. 1990. Pebble Plain Habitat 
Management Guide. USDA Forest Service, Pacific 
Southwest Region, San Bernardino National Forest 
and The Nature Conservancy, California Field Office. 

OKSANEN, J. F. G. BLANCHET, R. KINDT, P. LEGENDRE, 
P. R. MINCHIN, R. B. O'HARA, G. L. SIMPSON, P. 
SOLYMOS, M. HENRY, H. STEVENS, AND H. WAGNER. 
2016. Vegan: Community Ecology Package. R package 
version 2.3-4. 

PARKER, S. 2012. Small reserves can successfully preserve 
rare plants despite management challenges. Natural 
Areas Journal 32:403-411. 

RAJAKARUNA, N. 2004. The edaphic factor in the origin of 
species. International Geology Review 46:471-478. 

R DEVELOPMENT CORE TEAM. 2015. R: a language and 
environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria (http://cran. 
r-project.org/). 

RHOADES, J. D. 1982. Soluble salts. Pp. 167—178, 643-687 
in A. L. Page, T. H. Miller, and D. R. Keeney (eds.), 
Methods of soil analysis, part 2 (second edition). 
American Society of Agronomy, Madison, WI. 

SADLER, P. M. AND W. A. REEDER. 1983. Upper Cenozoic, 
quartzite-bearing gravels of the San Bernardino Moun- 
tains, southern California; recycling and mixing as a 
result of transpressional uplift. Pp. 45-57 in D. W. 
Anderson and M. J. Rymer (eds.), tectonics and 
sedimentation along faults of the San Andreas system. 


18 MADRONO 


Society of Economic Paleontology and Mineralogy, 
Pacific Section, Los Angeles, CA. 

SASLIS-LAGOUDAKIS, C. H., C. MORAY, AND L. BROM- 
HAM. 2014. Evolution of salt tolerance in angiosperms: 
a phylogenetic approach. Pp. 77—95 in N. Rajakaruna, 
R. Boyd, and T. Harris (eds.), Plant Ecology and 
Evolution in Harsh Environments. Nova Science 
Publishers, Hauppauge, NY. 

SCHOFIELD, R. K. AND A. W. TAYLOR. 1955. The 
measurement of soil pH. Soil Science Society of 
America Proceeding 19:164—167. 

SHARP, R. P., C. R. ALLEN, AND M. F. MEIER. 1959. 
Pleistocene glaciers on southern California Mountains. 
American Journal of Science 257:81—94. 


[Vol. 64 


UNITED STATES DEPARTMENT OF THE INTERIOR. 2006. 
Endangered and Threatened wildlife and plants; 
designation of critical habitat for Arenaria ursina (Bear 
Valley sandwort), Castilleja cinerea (ash-gray Indian 
paintbrush), and Eriogonum kennedyi var. austromon- 
tanum (southern mountain wild-buckwheat). Federal 
Register 71:67712-67754. 

UNITED STATES DEPARTMENT OF THE INTERIOR. 2007. 
Endangered and Threatened wildlife and plants; 
designation of critical habitat for Arenaria ursina (Bear 
Valley sandwort), Castilleja cinerea (ash-gray Indian 
paintbrush), and Eriogonum kennedyi var. austromon- 
tanum (southern mountain wild-buckwheat). Federal 
Register 72:73092—73178. 


BURGE ET AL.: PEBBLE PLAIN SOIL CHEMISTRY AND PLANT DIVERSITY 19 


2017] 


0} Apuyze UMOUY jo JOAQ] SWOS YEM ç 


I 


,pososuepug 


,WOxe} 


MON 


‘yeyIqey ured ə|[qqəod o1 s1wopuq 


x Kx x< x 


Ayuyye 


dd 


¿9tttəpuə 


dd 


'`uoxe) pəzo8uepu; JO pəouə)eoru L PASH AT[819pə,1 ç 
MOU UOXR} AREMA , `(uonnqtrrsip ,sətoəds oy} Jo uoniod sureJunolA OUIPIeUIOg ueS 34} UYM ISV] 7e “JeyIqey ured ə|qqod uo punoj Kiyexoues 10 S1WIapud “ə:D yeyqey uwd əjqqəd 
‘(Op `d ‘TIOZ Te 9 umpeg) enuen uosdər oy} Aq pouyop se ‘JOLNSIG, SUIRJUNO|Y OUIPIeUIOg Ues yL I 
‘sured ə[qqə9d yya paenosse aq 0} UMOUY exe) YULI-WINWITUIU ||p siiodes xIpuodde su I ‘sajoyy `sure[d əjqqəd uo punoj exe} ued Ie[noseA IANLU JULI-UWNWIUWN ‘| XIGNAddV 


Srtuəpuə 
aus 


‘bower vaiuospjnd osplup] q 
‘[pury vaopfiasod visuyjoD 
esely “SN (ARID `V) Iflopsyns ayjunsy Aad 
esely SN GUID “T V) vaundind oyuna áq 
pPSDLI 
"SN  WIOSON "TD (ARID `V) Dpn31x2 Ə2l/Jupnj(ua 
BSPIY SN UIID XƏ WIM) 0220soipup aypuv (ug 
ABID “YW vasauis bD[Í2]]11SpDO 
[Sad O winduvsdtyovaqg wnigojdy 
ZUNIN (qpAy) ould “IBA YSINg 0D4141D24 DISIMIT 
KEIN `V winyjunsInu DU191SO1J914 |. 
souor “TIN 
(UOSJE M `S) Sn]n122] “Tea Sp[8noG] nysand sn]pSpuls y 
ƏIIIAoO Spl vapoyda 
INPN WY suffo ‘dsqns ssoy usumuaqp váApnq 
‘MeN (osm `S) opisnd onavonu yW 
'uuoy] (qos Tg) vuisan auosowasq 
‘Wyasuq vypuvovovnyd vyundo 
`ur[əšgu+ zuupuəsuə vuundo 
AO|Ə8I1g “Af 2? `urəSu; s1uppisog piuundo 
Joyduin y 
(Ao|ə3Igq “Wf 3 WBUT) sisuaavfow snasaooulyay 
‘WaT (WPZUJ) uZuupugəSuə snasazd0UlyOT 
SUON (ARID `V) 1#sp]Snop pJJə13Jo1shO 
ƏAQ7T A X WOT `V (WELID) vva foad DAaYyIa0g 
Zeqyays-[y (UOSIM `S) m/s1upd DAay2a0g 
ARID `V (ARID `V) 1424140} sí.J1oqor5p]q 
ALIO `V (YOoH) snjjauaz sd4yjoqgo13y] g 
Əuəə9IOD subjnuus vyruv dp 
`sdor 
(SUd0ID) suan] “IeA `NOOLI snyofipf snddpdouəotu( H 
Aqsny 2 uoyug (YSIng) 2V4YIOADS DIZAAAIIINDH) 
ysinbuolg (ouaa) 
SNISIFUOI “IK ƏuƏ99ID (ARID `V) Slg9puptudp uot 
DINISNIAGDIS “IA “JQ PJnosn14qp]9 s110puəbDtO 
UOS[ON `V PAOU DISIUMDIY 
ARID `V Y IIOL (NN) vydiounp viapuuajup 
SOY P NON ‘Wf (UOSIEM `S) asuappaau umtptuuo' 
Uos}eM `S 1⁄4pd uni py 


uoxp L 


Əəpəoopuraplup[q 


Loewy d 
avoovyoueqolO 
IVdOVISCUO 
ILVIMYUOW 
Əpəopruup' 


avoorqeyy 
ovoovipoydy 
əpəoop[nsspIO 


əopəoop[|KUdoAIeo 


1220121120) 


Əpooporsspig 


SDƏODUISDIOTI 


Ə0950191S V 
ovoovridy 
avooRll[V 


Apure g 


‘(eyep peonengndtim UOJYSNOIG) DoUdIOS 0} 


[Vol. 64 


~ 


MADRONO 


20 


X X X X `pnə1S 1Sp8NOp VIOLA ƏDƏOD|OIA 
‘MIOPUL) MUOSIDM DIJaUISDjJaG — əuoop|[our8p[osS 
x im x X X X x DULOIOAABAD “IEA “QPAY (‘QPAY) ptuo2o041454D DISƏ4J 1220127021 
x X X [EAIA Y ISEN (ALIN `V) MUossapuay vid 
surqqoy 
x X 'LO UID) vinap ‘dsqns ‘I vipsuoja aovsospup avoe mud 
X X X UOSJEM `S 1unsodpoəsqns ‘IBA JUIQ 1174Y FIAM uunuo5014:7 
X idpauuay `ICA UOSYEM `S Idpauuay tunuo5014:T 
‘yuyor WI P ZMN 
X e X X ee X x E x X UNUDIJUOWOAISND “IVA UOS `S 1⁄(pəuuəy tunuo5014:T ƏəeəoopuosÁod 
X QUIdID (ALIN `V) MaMadg V1IJAAADAD NN 
SUddIQ) (OOH) S1/19D49 S1491S0421 W 
x x uose `H 11dljj13j snyjupurT 
uosuyor 
X YTY yod WE (ARID `V) snag uoydisojdaT 
x & x x X RID “AA Y UID `G` V (Zun) Sisuasaip nijo ~=—- 9eaoeTUOWA[Og 
x X dny 2 UNL vsonəds pd11ç 
Te 19 IZEN `A f 
x ¿S SEP x | X (KƏseA) Su22səqnd IA UOSEM `S $1701U2p1220 Dds 
X myos y woy sapiouaudy vns 
a ex: Sk ex me X ppunoəs ‘dsqns [səid `f ppunsas vod 
me exe x x a) X | AKoZaMg (Jey) səpiotu(]ə snua 
X X 1X X SUID (YUN) $:712048 Dnojajnog avoov0g 
Q LO Cuz wae. PE TCO (porosuepugq puoxey Aquyye _oruepus orwəpuə UOX® I, Apwe 
MƏN dd dd pays 


CG4HNNILNOD `] XIGNHddV 


2017] BURGE ET AL.: PEBBLE PLAIN SOIL CHEMISTRY AND PLANT DIVERSITY. 21 


APPENDIX 2. Raw soil chemistry data. Notes. Conductivity reported as umol/cm; nitrate and elemental levels reported as 
parts per million 


Site Habitat pH Conductivity NO, P K Ca Mg S Na Fe Za Ma Cu 
] Pebble plains 5.26 97 1.57 31.4 111 966.8 145.6 4.93 1.06 14.02 0.59. 107 0.42 


Non-pebble plains 5.52 120 012 43 Cor 1957 18.9 G77 222 766 176 1602 08) 
2 Pebble plains 6.52 147 0.07 41 219.2 2671.3 384 ol” ome” 1191 093 709 0%2 
Non-pebble plains 6.75 224 0:39 49& 278 460 649 3:8% 473 2026 143 10:19 0:85 
3a Pebble plains 6.57 96 oS “26m 703 WO 2349 3ST 3⁄4 ABS 054 263 025 
Non-pebble plains 6.58 136 647 TIS WOW 21653 T532 - 7.78 0.82 0988145. 6087 025 
3b Pebble plains 6.44 138 0.29 373 1154 140206 4275 3.3 369 ses Ome FST 021 
Non-pebble plains 6.97 185 6.78 96.5 225.4 2690.7 330 65 3.6 109 10% 4774 0.23 
4 Pebble plains 5595 114 0.18 31 1049 159 2537 736 813 em 067 11.18" 055 
Non-pebble plains 5.48 125 0.56 40.6 107.6 1356.2 185.7 321 1.99 29.04 1.75 14.68 0.24 
5 Pebble plains 6.04 111 06 Wet 12 122000385. 323 5.2 7.88 0.29 3.29 0.44 
Non-pebble plains 6.37 128 105 38:5 1433 24591 1646 909 112 19583 095 7.7 0.23 
6 Pebble plains 6.67 140 1.39 37.7 183.8 2195.6 383.4 634 49 10.4 0.91 3.87 0.42 
Non-pebble plains 6.9 132 0.38 449 184.5 1943.3 296.5 6.11 3.15 10.8 1.26 5.08 0.42 
1 Pebble plains TZ 189 0.58 73.5 213.1 5200.2 350.4 7.47 644 15.32 1.05 6.53 0.46 
Non-pebble plains 6.95 121 0.61 30:5 179.6 “We4n.3 3308 5996.9 8.18m 0.57 6:38" 0957 
8 Pebble plains 5.8 103 033 219 1405 128661 1359 S83 el) PRO 051 1178% 036 


Non-pebble plains 6.36 177 2.62 314 2591 270256 2834 1079 3:67 00 2222999" 0.28 


